Commercial 304 austenitic stainless steel was deformed in compression at high temperatures (800 to 1 280°C) and at strain rates from 0.001 to 1 s
Introduction
When high stacking fault energy materials are deformed at high temperatures, the increase in dislocation density (and thus flow stress) associated with work hardening is offset by the annihilation of dislocation pairs or rearrangement of dislocations into lower-energy substructures; this process is termed dynamic recovery. The rate of destruction of dislocations increases with the dislocation density, which (again, with the flow stress) eventually reaches an equilibrium with the generation of new dislocations by continued deformation, resulting in steady-state flow.
By contrast, in lower stacking fault energy metals (such as the austenitic stainless steel that is the subject of this work), the ability of dislocations to climb and/or cross-slip is hindered. This results in a denser and less homogeneous dislocation distribution; local dislocation densities eventually reach levels high enough to favour the nucleation of new grains. The growth of these softer grains eventually results in measurable changes to the overall mechanical behaviour of the material, in particular one or more peaks in the flow stress (each with an associated peak strain, e p ). This process is termed dynamic recrystallization (DRX), and has been shown to occur in austenitic stainless steels over a wide range of conditions. 1, 2) The peak in the stress-strain curve is the major mechanical indicator for the occurrence of DRX, 3) but recrystallization must begin before this point-the peak represents the point where the effects of work hardening and dynamic softening are in balance. There is therefore a critical threshold strain, e c -smaller than e p -that represents the true onset of DRX.
It is possible to determine this critical strain from the flow curves. The method developed by Ryan and McQueen 4) defines the critical strain as the strain at which the experimental flow curve deviates from the idealized dynamic recovery curve, based upon differences in the strainhardening behaviors associated with DRX and dynamic recovery.
An alternative method based on the thermodynamics of irreversible processes was developed by Poliak and Jonas. [5] [6] [7] [8] This method eliminates the need for extrapolated flow stress data; the onset of DRX can be identified by an inflection point in the q-s curve (where qϭds/de) corresponding to the appearance of an additional thermodynamic degree of freedom in the system. These critical points can be directly and precisely mapped back onto the flow curve. Such plots can also be used to identify the stress peak, which corresponds to the condition qϭ0. The relationship between the critical strain and the inflection point in the q-s curve has been confirmed by other workers. 9, 10) In the present work, the latter method is applied to determine precisely the effect of the deformation parameters (specifically, strain rate and temperature) on the initiation of dynamic recrystallization in 304 stainless steel and the accompanying critical and peak strains. Some unusual behaviour found in this way is compared with that observed in a high-purity Cr-Ni alloy. The comparison indicates that the unexpected behaviour is associated with the presence of substitutional impurity elements in the commercial 304 material. a single billet produced by Atlas Stainless Steel in Tracy, Quebec. In addition, a small amount of ultra-high purity 18Cr-12Ni-Fe 11, 12) alloy was obtained and tested. The compositions of these steels are given in Table 1 , along with the 304 specifications of Japan Industrial Standards JIS G 4304. Austenitic stainless steel has a low stacking fault energy, 13) in the range 21 m J m
Ϫ2
. Numerous studies of the recrystallization behaviour of such materials have been conducted over the past thirty years (especially involving torsion testing). 1, 4, 14) The stainless steel tested was obtained in the form of a billet 30-cmϫ15-cmϫ15-cm. The billets were sectioned parallel to the transverse direction and the sections sliced along the normal direction. After machining, the resulting cylindrical samples had their longitudinal axes parallel to the normal direction of the billet. The initial grain size was not a variable of interest in this work, but was essentially constant and in the range 80-100 mm. The compression samples measured 11.4-mm in length and 7.4-mm in diameter.
Hot compression tests were conducted at true strain rates of 0.001 to 1 s
Ϫ1
. Test temperatures between 800°C and 1 280°C were employed. The compression machine was programmed to operate at constant true strain rate by incremental calculation of the current true strain.
Results
Single-hit compression tests were conducted at various strain rates and five different temperatures. Typical stress strain-curves (several tests were conducted for each set of conditions) are presented in this section. Figure 1(a) shows the effect of temperature on the stress-strain curves determined at a strain rate of 0.01 s
Ϫ1
. The set of temperatures employed was not identical at all strain rates; in general lower strain rates were employed at the lower temperatures, Table 1 . 304 stainless steel specification and test material compositions. Fig. 1(a) . Typical stress-strain curves generated at increasing temperatures at a strain rate of 0.01 s Ϫ1 . Fig. 1(b) . Typical stress-strain curves generated at increasing strain rates at 1 100°C.
due both to the increasing force required to deform at the lower temperatures and to the tendency for the phenomenon of interest to occur at higher temperatures as the strain rate is increased. The flow stress values clearly decline steadily with temperature, with a general trend towards a decrease in Ds/DT as the temperature is increased. The effect of strain rate, at a sample temperature of 1 100°C, is shown in Fig. 1(b) . The flow stress decreases with decreasing strain rate, as does the strain at which the stress peak appears.
The critical and peak strains for dynamic recrystallization can be determined from the stress-strain data. The derivative of the true stress with respect to the true strain in the region of plastic deformation yields the work hardening rate, q. When the work hardening rate is plotted against the true stress, the point of inflection (corresponding to the point of maximum absolute slope) represents the onset of dynamic recrystallization. This technique requires differentiation of the stress-strain curve, but short-range noise can render such differentiation calculus impossible. The variation in the derivative of the true stress can be several orders of magnitude larger than the mean value. In order to solve this problem, a smoothed stress-strain curve was obtained by modeling the region of interest (the region of plastic deformation that encompasses the stress peak) as a 9th order polynomial.
As differentiation of the polynomial is simple and free of noise, the true work hardening profile can be readily derived. The q-s plot corresponding to the stress-strain curve above is shown in Fig. 2(a) . The downward slope of the work-hardening curve is directly related to the concavedownward shape of the stress-strain curve. In the absence of dynamic recrystallization, the work hardening rate will taper off to zero as the strain goes to arbitrarily large values. However, dynamic recrystallization causes a downward inflection in the q-s curve, leading to zero and negative work hardening rates (corresponding to the peak and postpeak softening, respectively). In this case, cyclic recrystallization leads to a loop back above zero; points where the plot crosses zero from above represent stress peaks and points where it crosses from below represent stress valleys/minima. The peak stress here can be precisely measured as 154 MPa.
The point of inflection represents the initiation of dynamic recrystallization: the critical point of interest here. The method involves differentiating the above q-s curve. The critical point then appears as a distinct minimum in Ϫdq/ds (see Fig. 2(b) ). These graphs must be centered on the inflection point, as dq/ds approaches infinity at all points where qϭ0. Once the stress at the critical point has been identified in these plots, it can be used to determine the critical strain. The critical stress in this case is 147.5 MPa.
The critical and peak stresses can be used to identify the critical and peak strains via the polynomial fit or fitting to the s-e plot, or by direct determination of the critical strain, based on the same basic mathematical principles as above, but employing the following equation The inflection point in the ln q-e curve therefore corresponds to the same point as the inflection point in the q-s curve. However, because the independent variable in this case is strain instead of stress, the critical strain can be determined directly without the intermediate step of using the stress to derive the strain from the polynomial model curve or the stress-strain data. The inflection point itself is also rather more pronounced on the ln q-e curve than on its q-s 
Fig. 2(b).
The derivative of the q-s plot with respect to true stress, centered on the point of inflection. The minimum in Ϫdq/ds represents the critical point. equivalent. Figure 3 shows the stress-strain curve with the critical and peak stresses and strains mapped. The critical strain here is 0.193 and the peak strain 0.353.
Using this method, the peak stress and peak and critical strains were determined for a wide range of deformation conditions. Figure 4 collects the peak stress values for tests conducted at 0.001, 0.01, 0.1 and 1 s Ϫ1 at temperatures ranging from 800 to 1 200°C. There is a clear decaying trend with temperature and, as expected, the peak stress values at any given temperature rise with increasing strain rate. The activation energy associated with the peak stress is expected to equal the apparent activation energy for deformation and this is the case. The activation energy for deformation can be derived with the aid of the following expansion of the Zener-Hollomon parameter: (3) where Q def is the apparent activation energy for deformation and R is the gas constant. [15] [16] [17] [18] The application of Eq. (2) and (3) to the present data yields values of aϭ0.012, nϭ4.3 and activation energies from 390 to 430 kJ/mol; the mean value of 405 kJ/mol was used for all further calculations of the Zener-Hollomon parameter. This value is consistent with those measured previously by other workers. 4, 15) The critical and peak strains as a function of temperature for the compression tests conducted at strain rates of 0.01 to 1 s Ϫ1 are plotted in Fig. 5(a)-5(c) . At 0.01 s Ϫ1 (Fig. 5(a) ), there is an overall downward trend with temperature, with a hump centered at 1 000°C. The peak strain is consistently about 0.15 higher than the critical strain; the mean ratio e c /e p is 0.47. At 0.1 s Ϫ1 (Fig. 5(b) ), there is once more a downward trend with temperature, with a hump centered at about 1 100°C. The peak and critical strains are again consistently separated by approximately 0.18 strain; the mean ratio is 0.50. The same downward trend is observed for 1 s
Ϫ1
, as is the hump, this time centered on 1 150°C. The separation is about 0.17 strain and the mean ratio 0.55.
The critical and peak strains can also be plotted against the temperature-corrected strain rate, as shown in Fig. 6 . The data align well in this case, with both the overall decaying trend and the hump clearly discernible. The hump is centered at Zϳ10 15 . The separation between the peak and critical strains also remains quite consistent at an average value of approximately 0.16.
The high-purity stainless steel identified in Table 1 was also tested in compression for the determination of the critical and peak strains. The critical strain results for a strain rate of 0.01 s Ϫ1 are shown in Fig. 7(a) . The high-purity material does not exhibit the "hump" in the critical strain values, with increasing temperature, that is apparent in the commercial 304 results (Fig. 5(a) ). This same trend is observed in the peak strain results (Fig. 7(b) ); the peak strain decreases smoothly with increasing temperature.
The time for initiation of recrystallization can be determined by dividing the critical strain by the enforced strain rate. This critical time is plotted against the reciprocal temperature in Fig. 8 . It is immediately apparent that the time for the initiation of DRX is strongly dependent on the strain rate; the critical time increases by roughly an order of magnitude with each order of magnitude increase in strain rate (not surprising given that the critical strains for all strain rates are of similar magnitude). The dependence on increasing temperature is much less pronounced, although the slope of t c versus 1/T does increase with decreasing strain rate (i.e. the influence of temperature is greater at lower strain rates).
Discussion
It is to be expected that the critical strain for the initiation of dynamic recrystallization, as well as the peak strain, should decrease steadily with increasing temperature. 4, [19] [20] [21] Although overall there are downward trends in the present data (i.e. the lowest values for the characteristic strains generally appear at the highest temperatures and vice versa), there are significant and consistent deviations from these trends, as shown in Fig. 5 . One example of such deviations is highlighted in Fig. 9 , in which the general downward trends (confirmed by the data from the high-purity material) are compared to the observed trends, and in which "humps" appear in the data for both the critical and peak strains. As the strain rate is increased, there is a definite increase in the temperature at which the maximum deviation appears. In addition, the magnitude of the deviation decreases slightly with increasing strain rate. The relationship between the temperature of maximum deviation and strain rate can be evaluated by displaying the trends on plots of critical and peak strain versus temperature-corrected strain rate, Z, as in Fig. 10 . The same general relationships hold in this case, although there is considerable scatter about the trend line, primarily because of the differences in the magnitudes of the deviations measured at different temperatures. The maximum deviation appears at approximately log Zϭ15 for the critical strain and log Zϭ14.5 for the peak strain; the temperatures and key strains associated with the maximum deviations are collected in Table 2 .
Previous work by Ryan and McQueen in which the critical strains for the dynamic recrystallization of austenitic stainless steels during hot torsion were measured also revealed minor deviations from the expected smooth downward trends. 4, 22) The observed deviations in this earlier work are generally of lesser magnitude and occur at higher values of Z; these are consistent with the differences between DRX in compression and torsion caused by the inhomogeneity of strain and strain rate (and therefore lower average values of both) inherent to torsion testing.
Ryan and McQueen found that the initiation of DRX in wrought 316 and 317 stainless steel occurred at higher critical strains than in the present material, due primarily to the increased total solute contents (316 and 317 contain substantial amounts of molybdenum as well as significantly higher levels of nickel). The 316 and 317 steels also exhibit larger "humps" in their e c versus Z curves. 22) The relationship between the characteristic strains and the peak stress is illustrated in Fig. 11 . There are two distinct regions; at low values of peak stress (i.e. low values of Z), the critical and peak strains are proportional to the peak stress. There is a transition at a peak stress of approximately 75 MPa, above which the critical and peak strains are largely insensitive to the peak stress. Similar trends have been observed by other investigators. [23] [24] [25] However, the transition in the previous work occurred at much higher values of both strain (e p ϳ0.7) and stress (s p ϳ400 MPa) and the point of transition was associated with the boundary between hot and warm working at ϳ600°C. That is clearly not the case here; rather, the change in trend is caused by the abnormal behaviour described above. The normal trend (approximated by the dashed straight line) is fully linear for these conditions. Activation energies for the "deviant" behaviour can be derived by generating temperature versus strain rate mechanism maps, as in Fig. 12 . Four types of points were defined for each strain rate: normal, lower boundary, upper boundary and abnormal points. The normal points were defined as points for which both the critical and peak strains lie on the expected-trend curves (within the error bars). The lower boundary points were defined as the lowest temperatures at which at least one of the two values deviates from the expected trend curve by more than the error; the upper boundary points represent the highest temperatures at which this same criterion is met. The abnormal points are those that lie between the two boundary lines; for all such points, the deviation for both strains was at least two times the error. The best linear fit to the lower temperature boundary points corresponds to an activation energy of 350 kJ/mol, with a range of approximately Ϯ10 %. The best linear fit to the upper temperature boundary points corresponds to an activation energy of 520Ϯ50 kJ/mol. Unfortunately, neither of these energies can be convincingly related to any particular physical phenomenon. However, as will be discussed below, this is not surprising, as the overall effect probably involves a number of competing or overlapping temperature-dependent processes.
Effect of Substitutional Solutes
Substitutional solutes are attracted to grain and subgrain boundaries because of the elastic strain energy associated with the atomic misfit in the matrix. The potential liberation of this strain energy at the boundaries is the driving force for segregation; it is likewise the driving force for solute drag on such boundaries. In order to move, grain and subgrain boundaries must either drag such impurities (and thus be restricted in mobility according to the diffusivity of the © 2004 ISIJ solute) or overcome the solute attraction and break away. It must be noted that it is both the critical and peak strains that are affected in the region of abnormal behaviour and the deformation conditions that lead to deviations in the critical and peak strains are essentially identical. Furthermore, the relationship between the critical and peak strains, both in absolute (e p -e c ) and relative (e c /e p ) terms, is not altered in the abnormal range. This indicates that it is primarily the initiation of DRX that is suppressed under these conditions and the delay in the attainment of the stress peak is primarily a direct result of this delayed onset of DRX, rather than significant additional retardation of the progress of DRX.
The probable mechanism responsible for the observed effect is therefore the segregation of solutes to the subboundaries involved in the nucleation of DRX grains. Such segregation seems to restrict the sub-boundary mobility, thus increasing the critical amount of stored strain energy (i.e. the critical strain) necessary to overcome the pinning/drag effect.
There are four relevant properties of the system that will change with temperature and/or strain rate. The first two concern the initiation of dynamic recrystallization: the driving force for DRX and the mobility of the sub-boundaries. The driving force for DRX will decrease with increasing temperature or decreasing strain rate, as the dislocation density generated at any given level of strain will be lower (this is clearly supported by the magnitude of the flow stress). The mobility of the sub-boundaries (referring here to the mobility of the boundaries in the absence of segregated impurities or precipitation) is a function of the "pipe" diffusivity and therefore increases with increasing temperature; it is relatively insensitive to strain rate. The second pair of properties concerns the rate of segregation: the diffusivity of the segregating impurity will clearly increase with temperature while the driving force for segregation will decrease with temperature. 26) The set of conditions under which abnormal behaviour is observed must therefore represent a maximum in the overall segregation rate (which is itself determined by the aforementioned opposing trends in diffusivity and driving force) with respect to the time required for the initiation of recrystallization.
At lower temperatures (which correspond to the "normal" points on the right in Fig. 12) , where the diffusion rates are low and the rate of accumulation of stored dislocation energy is high (as indicated by the higher flow stresses), the rate of segregation is too low to interfere significantly with the mobility of the sub-boundaries before sufficient strain energy is stored to bring about the initiation of dynamic recrystallization.
At sufficiently high temperatures (the "normal" points on the left in Fig. 12 ), the sub-boundary mobility is high enough for them to break away from the pinning solutes 27) and the retardation of the initiation of DRX is eliminated. Alternatively, the increased diffusivity of the solutes permits them to migrate rapidly enough that they do not exert a significant drag force on the boundaries. The increased mobility of the boundaries at the higher temperatures also coincides with diminished segregation driving forces, which in turn correspond to lower equilibrium segregation levels.
At intermediate temperatures (the abnormal and boundary points in Fig. 12 ), the rate of segregation is sufficiently high and the intrinsic mobility of the boundaries still sufficiently low for appreciable segregation to occur before DRX can begin.
Unlike the abnormal behaviour observed in the static softening experiments discussed in a companion paper, 28) here the effect does not disappear with time. nevertheless, as in the previous case, non-equilibrium segregation may again be involved, but of a dynamic nature in this instance. That is, as deformation is continuous, excess vacancies continue to be generated, leading to the continuous formation of complexes, followed by enhanced diffusion to the sub-boundaries. The elements responsible for the two phenomena are likely to be the same; silicon and phosphorus. The absence of the retardation effect in the high-purity material eliminates Cr and Ni as potential causes of the effect. Mn can likewise be excluded, as its segregation behaviour in austenite (specifically, its segregation driving force and diffusivity) will be similar to that of Cr and Ni. This leaves as potential causes the substitutional impurities S, Si and P.
Silicon has an intermediate misfit in austenite and the tested steel contains over 0.5 % Si (i.e. the Si content is over an order of magnitude greater than the P content). However, the radius of silicon is still substantially larger than that of phosphorus or sulfur, leading to lower diffusivity and a lower segregation energy. Investigation of equilibrium grain-boundary segregation in commercial-purity 304 stainless steel at 1 050°C showed that both sulfur and phosphorus appear at grain boundaries in significantly greater quantities than does silicon. 29) Furthermore, studies of Fe-Si-P alloys have shown that the segregation enrichment ratio of phosphorus is almost 200 times greater than that of silicon in austenite. 30) Sulfur and phosphorus exhibit similar behaviours in austenite: comparable diffusivities, similar segregation energies (sulfur's is slightly higher) and nearly identical diffusion kinetics. 31, 32) The driving force for the segregation of both in austenite is high (higher than in ferrite, due to the lower solubilities) and both have been shown to segregate at higher-than-equilibrium levels in steel. [33] [34] [35] Although it has been shown that sulfur can segregate preferentially when in competition with phosphorus 33, 35) in the range 500 to 700°C, this effect diminishes with increasing temperature, as does the overall magnitude of the segregation energyan effect that is offset by the lower solubility of phosphorus in austenite as compared to ferrite. 36, 37) In addition, the bulk concentration of sulphur in the tested material is far lower than that of phosphorus. Moreover, it has been shown that, in alloys with substantial chromium and nickel additions, the segregation of phosphorus is greatly enhanced. 38) Although the effect is probably due to the combined effects of these substitutionals, each contributing according to its own diffusivity, segregation/sub-boundary-binding energy and relative abundance in the tested steel, it is probable that sulfur and silicon are minor contributors to the present effect as compared to phosphorus.
Conclusions
(1) The method of Poliak and Jonas can be used to de- termine the critical strain for dynamic recrystallization from the inflection point in the work hardening versus stress relationship. Such work hardening plots can also be used to determine precisely the peak stresses and strains (defined as the stress and strain at which qϭ0).
(2) In the present material, the critical and peak strains for dynamic recrystallization deviate from the expected smooth decay with increasing temperature. The deviant values are uniformly higher than expected, indicating the retardation of dynamic recrystallization. The deviations appear as humps in the critical/peak strain versus temperature trends; the humps appear at higher temperatures as the strain rate is increased. The trends can be brought into alignment by using critical/peak strain versus log Z plots. This approach indicates that the peak strain deviation is at a maximum at log Zϭ14.5 and the critical strain deviation is at a maximum at log Zϭ15. Under these conditions, the activation energy for the retardation of DRX is 350 kJ/mol.
(3) The retardation is most likely caused by the segregation of substitutional impurities, P in particular, to the sub-boundaries of newly nucleating DRX grains. At low temperatures, the rates of diffusion are too low for segregation at levels sufficient to delay DRX. At intermediate temperatures, the segregation rates are sufficient to temporarily pin the boundaries and postpone DRX. At high temperatures, the mobility of the boundaries and of the solutes is high enough (and the equilibrium segregation levels low enough) for the effect to disappear.
(4) As in the case of the retardations observed in the static softening experiments reported on previously, nonequilibrium segregation may again be involved, but of a dynamic rather than a static variety under the present circumstances.
